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Mousect as a primary regulator of neocortical patterning along the anteroposterior (AP)
axis in the mouse telencephalon, and disruption of FGF signaling causes distortion of molecular arealization
along the AP axis. Since hypoplasia of midline structures is observed in Fgf8 mutant mice, FGF8 is also
postulated to be involved in telencephalic midline development. In this study we analyzed the role of FGF8 in
midline development by means of gain-of-function and loss-of-function experiments. The results showed
that FGF8 up-regulates the expression of transcription factor (TF) genes, including putative key factors
involved in midline development. Although FGF8 had been thought to act downstream of SHH signaling,
ectopic FGF8 up-regulates the expression of midline TF genes in Shh null mice, suggesting that FGF signaling
acts as an upstream positive regulator of midline TFs during midline development independently of SHH.
© 2008 Elsevier Inc. All rights reserved.IntroductionThe telencephalon consists of several functionally and morpholo-
gically distinct structures. In the early stage of embryonic develop-
ment, the telencephalon is sequentially and simultaneously patterned
along both its anteroposterior (AP) and dorsoventral (DV) axes,
resulting in the formation of various regions of the future brain.
Several secreted signaling molecules, including SHH, WNTs, BMPs and
FGFs, are required to pattern the telencephalon correctly during the
initial steps (reviewed by O'Leary and Nakagawa, 2002; Lupo et al.,
2006), and the signaling molecules control the spatiotemporal
expression of region-speciﬁc transcription factors (TFs), which in
turn confer regional identities on the primordium. Particular effort has
been devoted to elucidating the identity of the secreted signaling
molecules and TFs involved in telencephalic patterning.
The signaling molecule FGF8 has recently been shown to act as a
primary regulator of cortical area identities along the AP axis by
electroporation (EP)-mediated gene transfer experiments (Fukuchi-
Shimogori and Grove, 2001), and the results of an analysis of mutant
mice that are hypomorphic for Fgf8 (Fgf8neo/neo) have supported this
ﬁnding (Garel et al., 2003). FGF8 is also postulated to exert additional
activities during telencephalic patterning because other lines of Fgf8
mutant, such as a severe hypomorphic mutant (Fgf8null/neo) and
telencephalic conditional null mutant (Fgf8telKO), exhibit other types
of defects in midline development and DV patterning in the
telencephalon (Storm et al., 2006).).
l rights reserved.Along the midline, the telencephalon is divided into hemispheres,
and there are a number of speciﬁc structures: the septum, preoptic
area, three commissures, and several midline glial structures. The
involvement of FGF signaling in midline development has been
demonstrated by detailed observations of telencephalic conditional
Fgf receptor (Fgfr) null mice (Tole et al., 2006). Such mice lack the
septum and midline glial structures, and the three commissures are
present but fail to cross the midline. Another line of Fgfr1 KOmice also
exhibits defects in the development of midline glial structures and the
corpus callosum (Smith et al., 2006). Defect of the corpus callosum
formation has also been reported in Fgf8neo/neo mice (Huffman et al.,
2004). Midline defects in FGF mutants have also been reported in
other species. In zebraﬁsh, loss of FGF signaling causes midline defects
that include loss of commissures (Shanmugalingam et al., 2000;
Walshe andMason, 2003), and a gain-of-function (GOF) study in chick
embryos indicated that FGFs may induce midline structures, because
implantation of FGF8-soaked beads in the dorsal telencephalon
induced a roof-plate-like structure (Crossley et al., 2001). FGF8
signaling contributes to the midline development by controlling the
number of cell deaths (Storm et al., 2003), however no downstream
factors of FGF likely to be involved in midline development have been
identiﬁed.
Another signaling molecule, SHH, has also been known to be a
causative factor of midline defects, because Shh null mutants show
severe holoprosencephaly (HPE) (Chiang et al., 1996). It is noteworthy
that the expression of Fgf8 is greatly reduced in Shhmutants (Ohkubo
et al., 2002; Aoto et al., 2002). GLI3, a repressor of HH signaling,
mutant mice instead show expansion of the telencephalic midline and
an increased number of Fgf8-positive cells (Aoto et al., 2002).
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somemidline defects in SHH signaling-deﬁcient mice may possibly be
due to abnormal FGF signaling.
Midline defects in the telencephalon have also been reported in
mutants for several TFs. For example, the null mutant for Vax1, a
homeobox gene that is expressed in the ventral telencephalon,
completely lacks ventral midline structures, the septum and preoptic
area (Hallonet et al., 1999; Bertuzzi et al., 1999; Taglialatela et al.,
2004). Interestingly, gene expression of most of the TFs and signaling
molecules, including Fgf8 and Shh, is grossly normal in this mutant,
despite morphological abnormalities (Hallonet et al., 1999; Tagliala-
tela et al., 2004), suggesting that Vax1 acts in downstream part of the
patterning cascade. Mutation of Zic2, a gene coding zinc ﬁnger class
TF, also results in HPE in both humans and mice (Brown et al., 1998;
Nagai et al., 2000). In Zic2 mutant mice, midline hypoplasia has been
reported in both the dorsal and ventral telencephalon. These TFs can
therefore be postulated to be key factors in the midline development
of the telencephalon. However, the relationship between the expres-
sion and/or function of the TFs and FGF or SHH signaling in the
telencephalon has not been clariﬁed.
In this study we investigated the downstream targets of FGF in
midline development by introducing Fgf ligands in gain-of-function
(GOF) experiments and sFgfr3, which codes secreted form of FGFR3, in
loss-of-function (LOF) experiments, into the telencephalon using a
system combining ex vivo EP and whole embryo culture. We ﬁnd
novel activity of FGF8 and FGF18, but not of FGF17, in midline
development; especially, FGF8 exerts a striking effect on expression of
several TF genes in the midline (hereafter called “midline TF genes”),
including Vax1 and Zic2. Overexpression of FGF8 up-regulated the
expression of these genes, and blocking of FGF signaling down-
regulated it. The results showed a positive linkage between FGF
signaling and the expression of putative key factors in the develop-
ment of midline structures. To conﬁrm the results obtained under our
experimental conditions, we also examined Shh−/− and Gli3−/− mutant
mice, which underexpress and overexpres, respectively, Fgf8 in the
telencephalon. Markedly reduced expression of midline TF genes was
observed in the Shhmutant, and ectopic FGF8 up-regulated midline TF
genes in this mutant. High-level expression of midline TF genes was
observed in Gli3−/− mutants and blocking of FGF signaling down-
regulated the expression of midline TF genes. Ectopic SHH up-
regulated only some of themidline TF genes. Our ﬁndings suggest that
FGF8 dominantly regulates the expression of midline TF genes
independently of SHH. Endogenous FGF8 activity may be involved in
the development of midline structures by up-regulating midline TFs.
Materials and methods
Mice
We used wild-type B6C3 and ICR mice for the wild-type experiments in this study.
No differences in gene expression patterns or response to the transgenes were observed
between these two strains. The Gli3 mutant (extra toes) and Shh mutant were both
obtained by mating heterozygous mice. Homozygous embryos were selected based on
their morphology, and their genotype was conﬁrmed by PCR (Mo et al., 1997; Maynard
et al., 2002; St-Jacques et al., 1998).
Electroporation and whole embryo culture
Gene transfer in early stage embryos (E9.5–E10.5) of all genotypes was performed
by ex vivo electroporation (EP). Two sets of customized forceps-type microelectrodes
(NEPA GENE) were used, a set having a 0.3 mm2 and a set having a 0.6 mm×0.3 mm
electriﬁable plate. Embryoswere cultured in rat serum (Charles River Lab Japan), using a
whole embryo culture system for 1 day (Osumi and Inoue, 2001). E9.5 embryos were
cultured with a closed yolk sac. Microinjections (0.5–5 μg/μl of DNA solution) and EP
were performed through the yolk sac. E10.5 embryos were cultured with an open yolk
sac. The genotype of homozygous Gli3 and Shh embryos was conﬁrmed by PCR after
culturing. Cyclopamine (20 μM) (CALBIOCHEM) was added to the serum of some
embryos. After E11.5, transgenes were introduced into the embryonic telencephalon by
in utero EP. EP was performed after injecting 1–5 μg/μl of DNA solution into the lateral
ventricle, as described previously (Tabata and Nakajima, 2001).Transgenes
We ﬁrst subcloned the full-length coding region of Fgf8b, Fgf17, Fgf18, and fragment
of Fgfr3c encoding 1–362AA from mouse cDNA into pGEM easy vectors (TOYOBO), and
then transferred them to the multicloning site of pIRES2–EGFP vectors (Clontech). Then
we transferred gene constructs containing the iresEGFP sequence into the pCAGGS
vector (Niwa et al., 1991). Since the partial Fgfr3c encoded only the extracellular
domain, the translated protein should be a soluble form (sFGFR3) and act in a dominant
negative manner. We also used a partial clone of Shh (ShhN), lacking the cholesterol
moiety (pCAGGS–ShhN–iresEGFP). For control experiments, we used a vector contain-
ing only the sequence of iresEGFP.
Marker analysis
In situ hybridization (ISH) using DIG-labeled probes was performed on cryosec-
tions. Whole mount in situ hybridization was also performed by conventional method.
The genes for RNA probes for Zic2, Vax1, Fgf8, Erm, Peg1/Mest, Gli1, and Nkx6.2 were
obtained by PCR. The genes were kind gifts from Dr. S. Aizawa (Lhx2 and Lhx5) and Dr. J.
Aruga (Zic1 and Zic4).
Results
Expression proﬁles of Fgf8 and midline TF genes
Recent studies have reported in hypoplasia of midline structures in
FGF signaling-deﬁcient mice (Storm et al., 2006; Tole et al., 2006),
raising the possibility that FGFs, especially FGF8, have a direct effect on
normal development of the telencephalic midline by regulating the
expression of TFs that play key roles in midline development. To
explore this possibility, we sought out candidate TFs for downstream
targets of FGF8 signaling in the telencephalic midline by referring to
known expression patterns of genes and mutant phenotypes in the
published literature and available in online databases. Several genes
that code TFs, including Zic genes (Nagai et al., 1997) and Lhx5 (Zhao
et al., 1999) have been reported to be expressed at the midline.
Midline disruption in the telencephalon has been reported in several
mutant mice for TF gene(s), such as Zic2 (Nagai et al., 2000), Zic1/3
(Inoue et al., 2007) and Vax1 (Hallonet et al., 1999; Bertuzzi et al.,
1999; Taglialatela et al., 2004), but nothing has been learned about
the relationship between the expression of these genes and the FGF8
signal in the telencephalon.
We conﬁrmed the expression proﬁles of Zics, Lhx5 and Vax1 at
E10.5 and E11.5 by ISH and compared their proﬁleswith the expression
proﬁles of Fgf8 (Fig.1). At E10.5, Fgf8 is expressed at both the dorsal and
ventral midline (Figs. 1A–C). In the ventral telencephalon, the Fgf8
expression is restricted to the anterior region, whereas in the dorsal
telencephalon Fgf8 mRNA is distributed throughout the roof plate. At
E11.5, most of the Fgf8 mRNA is conﬁned to the septum area, and a
small amount is distributed in the cortical hem and roof plate (Fig. 1S
and see Fig. 6A).
Among ﬁve of mouse Zic genes, we analyzed Zic1, Zic2, and Zic4
because of the detection sensitivity of our ISH system, and the results
showed that all three Zic genes exhibited a similar expression pattern.
Here we will present the data obtained for Zic2, and most of the data
for Zic1 and Zic4 in the wild-type are shown in Fig. S1 in the
supplementary materials. Zic2 is expressed in both the ventral and
dorsal midline of the telencephalon at E10.5 (Figs.1D–F). In the ventral
telencephalon, Zic2 is abundantly expressed in the anterior region
(Figs. 1D, E), and its expression in the posterior region decreases as the
expression of Fgf8 decreases (Fig. 1F). In the dorsal telencephalon, Zic2
is expressed in the roof plate and the adjacent region of the
hippocampal primordium. At E11.5, Zic2 is highly expressed in the
anteromedial telencephalon, including the septum (Fig. 1T). These
observations reveal that the expression pattern of Zic2 is similar to
that of Fgf8, but wider. Thus, Zic2 seems to be an ideal candidate for a
downstream target of a secreted factor, such as FGF8.
Lhx5 is a LIM class homeobox gene and is involved in
hippocampal development (Zhao et al., 1999). The spatial pattern of
the expression of Lhx5 in the ventricular zone is very similar to that
Fig. 1. Comparison of the expression patterns of Fgf8 and midline TF genes by ISH at E10.5 and E11.5. (A–R) ISH analysis was performed on serial coronal telencephalic sections
obtained from an E10.5 embryo. Fgf8 (A–C) is expressed in both the dorsal and ventral midline. Zic2 (D–F) and Lhx5 (G–I) are also expressed in both the dorsal and ventral midline. In
the ventral telencephalon, the expression of these genes gradually decreases in the posterior region. Vax1 (J–L) is widely expressed in the ventral region from anterior to posterior, but
high-level expression is restricted to the anterior ventral midline. Weak expression of Vax1 is observed in the dorsal midline at this stage. Mest/Peg1 (M–O) and Erm (P–R) are also
expressed in dorsal midline as Zic2 and Lhx5, but widely in ventral telencephalon. (S–X) Coronal sections from an E11.5 embryo. Fgf8 (S) is highly expressed in the septum region, and
weakly in the cortical hem (arrowheads). Zic2 (T) and Lhx5 (U) exhibit similar, but wider patterns of expression than Fgf8. Vax1 (V) is widely expressed in the ventral region, but high-
level expression is restricted to the septum. Unlike other candidates, Vax1 is not expressed in the dorsomedial region at this stage.Mest/Peg1 (W) is expressed widely, but it is most
highly expressed in the septum region. The expression of Erm (X) is also observed in the septum. Scale bar, 500 μm.
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expressed in the ventral telencephalon (Figs. 1J–L), even in the
posterior region, where Fgf8 is poorly expressed (Fig. 1L). However, a
particularly intense signal is observed in the anterior midline region,
where the Vax1 domain overlaps with the Fgf8 domain (Fig. 1J, K). At
E11.5, this pattern becomes more prominent. Vax1 expression is
signiﬁcantly intense in the septum area (Fig. 1V). Vax1 is weakly co-
expressed with Fgf8 in the roof plate at E10.5 (Figs. 1J–L) but not at
E11.5 (see Fig. 6G).
We also examined the expression pattern of already-known down-
stream targets of FGF signaling, including Mest/Peg1 (Sansom et al.,
2005) and Erm (Firnberg and Neubuser, 2002; Fukuchi-Shimogori and
Grove, 2003), at E10.5 and E11.5 (Figs. 1M–O and W, P–R and X). In
previous studies, these genes were shown to be expressed in the
anterior telencephalon during early development (Fukuchi-Shimogori
and Grove, 2003; Sansom et al., 2005). In the present study, we show
that these genes are expressed in dorsal midline and widely in the
ventral telencephalon at E10.5 (Figs. 1M–O, P–R) and predominantly
expressed in themidline of the telencephalon, in a pattern similar to the
expression pattern of midline TF genes at E11.5 (Figs. 1W, X). These
ﬁndings suggest that midline TF genes are also downstream targets of
FGF8 signaling.
FGF8 positively controls the expression of midline TF genes
To determine whether FGF8 regulates the expression of midline TF
genes, we performed both GOF and LOF experiments to examine FGF
signaling activity in themidline region in vivo. pCAGGS–Fgf8–iresEGFP
or pCAGGS–sFgfr3–iresEGFP expression vectors were introduced by exvivo EP at E9.5. We attempted to introduce each transgene into the
anterior ventral midline in a manner that would expand the
endogenous Fgf8 domain or that would efﬁciently block the in situ
FGF signal. We also introduced the transgenes unilaterally and used
the contralateral side as an internal control. Embryos were cultured in
rat serum for 1 day in vitro, and the expression patterns of midline TF
genes were examined. As expected, ectopic FGF8 up-regulated the
expression of Zic2 (6/6, n=6), Lhx5 (6/7, n=7), and Vax1 (8/9, n=9)
(Figs. 2A–D). The expression regions of these TF genes expanded more
laterally than on the control side. Ectopic FGF8 basically had the same
effects in the dorsal telencephalon (4/4, n=4. see Figs. S2A–D). There
were no differences between the levels of expression of Zic2 and Lhx5
induced in the dorsal and ventral telencephalon (Figs. S2B, C), but the
expression level of Vax1 induced in the dorsal telencephalonwas very
low (Fig. S2D).
Forced expression of sFGFR3 had the opposite effect on the
expression of midline TF genes (Figs. 2E–H). The expression of the
midline TF genes Zic2 (3/5 n=5), Lhx5 (4/6, n=6), and Vax1 (6/7, n=7)
was laterally truncated in the EP side in comparison with the control
side. These ﬁndings revealed that FGF8 has activity that induces the
expression of midline TFs and that an endogenous FGF signal is
required for the expression of midline TFs including putative key
factors in midline development, and suggest that the inductive
activity of FGF8 on midline TFs genes may be crucial to normal
development of the telencephalic midline.
Next, we examined whether other FGF ligands, FGF17 and FGF18,
which are also expressed in the telencephalic midline (Crossley and
Martin, 1995; Maruoka et al., 1998), have activity that up-regulates
midline TF genes by overexpressing each of them at E9.5 by ex vivo EP
Fig. 2. FGF signaling is capable of controlling the expression of midline TF genes inwild-type mice. (A–H) FGF8 is capable of inducing midline TF genes, and endogenous FGF signaling
is required for the expression of midline TF genes. The pCAGGS–Fgf8–iresEGFP vector (2.5 μg/μl) or pCAGGS–sFgfr3–iresEGFP vector (5 μg/μl) was introduced into one side of the
ventral telencephalon at E9.5 by ex vivo EP, and the embryos were cultured and collected 1 day later. GFP ﬂuorescence (A, E) indicates the regions inwhich the transgene is ectopically
expressed. (A–D) FGF8 up-regulates midline TF genes. Zic2 (B). Lhx5 (C). Vax1 (D). The expression of each midline TF genewas expanded laterally on the EP side. (E–H) Blocking of FGF
signaling causes down-regulation of midline TF genes. Zic2 (F). Lhx5 (G). Vax1 (H). Expression of each midline TF gene was laterally truncated on the EP side. Arrows (F, G) show the
lateral end of each gene's expression range. The intense signal of every gene closest to the midline was hardly affected. (I–L) Ectopic SHH signaling did not cause detectable difference
in level of expression of midline TF genes between the EP side and control side. pCAGGS–ShhN–iresEGFP (2.5 μg/μl) vector was introduced into the ventral telencephalon at E9.5. GFP
signal (I). Zic2 (J). Lhx5 (K). Vax1 (L). Scale bar, 500 μm in panels A–D, 100 μm in panels E–L.
Fig. 3. Expression of Fgf8 andmidline TF genes in the telencephalon of Shh−/−mutantmice
at E10.5. ISH analysis was performed on coronal telencephalic sections. Fgf8 (A). Zic2 (B).
Lhx5 (C). Fgf8 is expressed only in the dorsal midline. The expression of Zic2 and Lhx5
genes is consistent with the expression of Fgf8. Vax1 (D) expression is not detectable in
any region. Mest/Peg1 (E) is expressed in both the dorsal and ventral region. Erm (F) is
expressed only in the dorsal midline. Scale bar, 100 μm.
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revealed that FGF17 has similar function to FGF8 in neocortical
patterning (Cholﬁn and Rubenstein, 2007), however overexpression of
FGF17 did not inﬂuence the expression of the midline TF genes Zics,
Lhx5, and Vax1 at detectable levels (n=3, data not shown). Since
Fgf17 vector is capable of inducing the expression of Erm in the
telencephalon by EP at E12.5 (data not shown), the absence of any
effect of FGF17 on the expression of midline TF genes may not be due
to deﬁcit in protein translation. On the other hand, FGF18 exerted
positive but very weak activity on the expression of Zic2 and Zic4 (3/5,
n=5, Fig. S3). FGF8 may dominantly up-regulate the expression of
midline TFs in the telencephalon.
Missing FGF8 is the direct cause of missing the expression of Zic2 and
Lhx5 in Shh−/− mutant
Shh null mice show severe hypoplasia in telencephalic midline
(Chiang et al., 1996). While Fgf8 is expressed normally in the early
stage in this mutant, the expression becomes abnormally low after
E9.0 (Ohkubo et al., 2002; Aoto et al., 2002). We examined Shh−/−
mutants to determine whether the alterations in the expression of
midline TF genes in this mutant are similar to those observed under
our LOF experimental conditions (Figs. 2E–H).
At E10.5, the expression of Fgf8 in the telencephalon of Shh−/−
mutants is decreased and restricted only in the dorsal midline (Fig.
3A). The midline TF genes Zic2 and Lhx5 were expressed, albeit
weakly, around the Fgf8 domain, but no expression of Vax1 is detected
(Figs. 3B–D). No expression of Fgf8 or midline TF genes is detected in
the ventricular zone of the ventral region. These observations in Shh−/−
mutants are consistent with the results of our LOF experiment. The
pattern of expression of Mest/Peg1 and Ermwas similar to the pattern
of expression of midline TF genes, but only Mest/Peg1 is expressed in
the ventral region (Figs. 3E, F). Next, we misexpressed Fgf8 in the
telencephalon of Shh−/−mutants by ex vivo EP at E9.5 (Fig. 4). Zic2 (8/8,
n=8), Lhx5 (9/9. n=9) and Vax1 (5/8, n=8) were up-regulated in bothdorsal and ventral region (Figs. 4A–D and see Figs. S2E–H), thereby
demonstrating that FGF8 has activity that induces midline TFs
independently of SHH signaling. To rule out the possibility of
Fig. 4. FGF8 is capable of inducing midline TF genes independently of SHH. FGF8 or SHHN was ectopically introduced into the lateral–ventral telencephalon of Shh−/− mouse embryos at
E9.5, and the embryos were cultured for 1 day. (A–D) Effects of FGF8. GFP signal (A). Zic2 (B) and Lhx5 (C) werewidely induced around the ectopic FGF8. Vax1 (D)was relatively weakly, but
deﬁnitely induced in the ectopic FGF8 domain. (E–I) Effects of SHHN. GFP signal (E). No expression of Fgf8 (F), Zic2 (G) or Lhx5 (H) was induced in the ventral telencephalon, however, the
expression of these genes was up-regulated in the dorsal telencephalon. Vax1 (I) was weakly, but widely, induced in the ventral telencephalon. Scale bar, 100 μm.
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SHH signaling, to the culture serum of some embryos, but no
differences in FGF8 activity were observed (n=3, data not shown).
However, it remains unclear whether SHH possesses activity
capable of up-regulating the expression of midline TFs. Next, we
tested SHH for activity on the expression of midline TF genes in wild-
type mice. We overexpressed non-cholesterol-modiﬁed SHH (SHHN),
which spreads widely (Li et al., 2006; Huang et al., 2007), into the
ventral telencephalon by EP at E9.5. Ectopic SHH signaling activated the
already-knowndownstreamof SHH signaling, comparatively higher on
the EP side (see Fig. S4). No differences in levels of expression of
midline TF genes were observed between the EP side and the control
side (n=4, Figs. 2I–L), however signals were observed more posteriorly
than in control (data not shown). To investigate the effects of SHHmore
clearly, we introduced SHHN into the telencephalon of Shh−/− mutants,
and complex effects of SHH on the expression of midline TF genes wereFig. 5. FGF8 does not rescue the expression of Nkx2.1 in Shh−/− mutants. EGFP, FGF8, or SHH
Control. pCAGGS–iresEGFP vector (5 μg/μl) was introduced (A). No expression of Nkx2.1 is
pCAGGS–Fgf8–iresEGFP vector (0.5–2.5 μg/μl) was introduced. GFP signal (D). FGF8 did not re
of Gli3was focally repressed by FGF8 (F, arrowheads). (G–I) pCAGGS–ShhN–iresEGFP vector (1
ventral midline (H). The expression of Gli3 was widely repressed, especially in the ventral mobserved (n=5). Zic2 and Lhx5 expression was up-regulated on the
dorsal side, but not on the ventral side (Figs. 3 and 4G, H, ). By contrast,
Vax1 was induced on the ventral side, but up-regulation on the dorsal
side was not signiﬁcant (Fig. 4I).
To understand better the observed effects of SHH, we investigated
an activity of SHH on the expression of Fgf8. The expression of Fgf8 in
mutant mice expressing SHHN (ShhN/+) is up-regulated in the
telencephalon (Huang et al., 2007). We investigated whether SHHN
introduced by EP would up-regulate the expression of Fgf8. In the
wild-type, the high-level expression of Fgf8 expanded along the
midline on both the dorsal and ventral side by SHHN (7/7, n=7 see
Figs. S5A, B). The effect of SHHN on the expression of Fgf8 is always
restricted in the midline region unrelated to EP site, and Fgf8 may be
an indirect target of SHH signaling unlike Gli1 and Nkx6.2. Sections
revealed that the dorsal midline of some embryos did not invaginate
(Figs. S5E–H), and this morphological change appeared to be veryN was introduced into the telencephalon of Shh−/− mutants by ex vivo EP at E9.5. (A–C)
observed (B). Gli3 is expressed throughout almost the entire telencephalon (C). (D–F)
scue the expression of Nkx2.1 in the telencephalon of Shh−/−mutants (E). The expression
–1.25 μg/μl) was introduced. GFP signal (G). SHH rescued the expression of Nkx2.1 in the
idline (I, arrowheads). Scale bar, 100 μm.
Fig. 6. Pattern of expression of Fgf8 and midline genes in Gli3−/− mutants at E11.5. ISH
analysis of Fgf8 and midline genes was performed on coronal telencephalic sections of
wild-type and Gli3−/− mutants. Fgf8 expression in Gli3−/− mutants is increased in
comparison with wild-type mice, especially, in the dorsal midline (A, B). Each midline
gene, Zic2 (C, D), Lhx5 (E, F), Vax1 (G, H), Mest/Peg1 (I, J), and Erm (K, L), is also up-
regulated, the same as Fgf8 in the dorsal region. Scale bar, 500 μm.
97T. Okada et al. / Developmental Biology 320 (2008) 92–101similar to that observed in ShhN/+ embryos (Huang et al., 2007). The
expression of Fgf8 in the ventral midline expandedmore posteriorly in
comparisonwith the control (Figs. S5E–H, Figs. 1A–C), suggesting that
we may have observed combined effects of FGF8 and SHH in the
midline when SHH was introduced, as shown in Figs. 2I–L. Ectopic
SHHN massively rescued the expression of Fgf8 in the Shh−/− mutant
(10/11, n=11 Figs. S5C, D), and sections of the embryos revealed rescue
of Fgf8 expression in the dorsal midline but not in the ventral midline
(Figs. 4F and Figs. S5I–L), thereby enabling observation of the effects of
SHH free of FGF8 in the ventral midline.
In view of the absence of any effect of SHH (Figs. 4G, H) on the
expression of Zic2 and Lhx5 in the ventral telencephalon of the Shh−/−
mutants, we concluded that SHH signaling does not exert direct
activity on the expression of Zic2 or Lhx5. The up-regulation of these
genes on the dorsal telencephalon of Shh−/− mutants may be
attributable to up-regulation of Fgf8 in dorsal midline by SHH (Figs.
4F–H), in other words, that SHH signaling may indirectly regulate the
expression of Zic2 and Lhx5 by mediating FGF signaling. On the other
hand, results in Shh−/− mutants shows that SHH signaling has activity
that induces the expression of Vax1 independently of FGF8 (Fig. 4I).
FGF8 does not rescue the expression of Nkx2.1 in Shh−/− mutants
Nkx2.1 is a homeobox gene expressed in most ventral–medial
telencephalon, and its expression is essential to the development of
the medial ganglionic eminence (Sussel et al., 1999). SHH possesses
activity that induces expression of Nkx2.1 in the ventral telencephalon
(Kohtz et al., 1998; Rallu et al., 2002), and absence of Shh causes
complete loss of Nkx2.1 expression in the forebrain (Pabst et al., 2000).
However, in double mutants for Shh and Gli3, the expression of Nkx2.1
is largely restored (Rallu et al., 2002), suggesting the existence of other
factors that induce Nkx2.1. Recent genetic studies have shown that FGF
signaling is required for the expression of Nkx2.1 because loss of FGF
signaling causes a reduction or loss of the expression of Nkx2.1 (Storm
et al., 2006; Gutin et al., 2006). By contrast, FGF8/2 does not
signiﬁcantly inﬂuence the number of NKX2.1-positive cells in the
chick telencephalon under tissue culture conditions (Gunhaga et al.,
2000).
Next, we investigated whether FGF8 would rescue the expression
of Nkx2.1 in the telencephalon of Shh−/− mutants (Fig. 5). There was no
expression of Nkx2.1 in the cultured control, as reported previously
(Pabst et al., 2000), and Gli3 is expressed in almost the entire
telencephalon (4/4, n=4 Figs. 5B, C). Ectopic SHHN introduced at E9.5
rescued the expression of Nkx2.1 on the ventral side (9/10, n=10 Figs.
5G, H), but in most embryos FGF8 signaling did not at the same stage
(9/10, n=10 Figs. 5D, E). Interestingly, the expression of Gli3 was
repressed by both ectopic FGF8 (5/5, n=5 Fig. 5F) and SHHN (9/10,
n=10 Fig. 5I). Since loss of Gli3 causes up-regulation of Nkx2.1 (Aoto
et al., 2002; Rallu et al., 2002), repressive activity of FGF8 against Gli3
expression may be possible to contribute to the expression of Nkx2.1.
Fgf8 up-regulation causes up-regulation of midline TF genes in the
Gli3−/− mutant
GLI3 is a zinc-ﬁnger transcription factor that appears to be a
repressor of HH signaling (Litingtung and Chiang, 2000). Fgf8
expression has been reported to increase in the telencephalon of
Gli3-deﬁcient mice (Aoto et al., 2002; Kuschel et al., 2003). We
expected the expression of midline TF genes to be up-regulated in the
telencephalon of Gli3−/− mutants based on the results of our GOF
experiments.
As reported previously, the number of Fgf8-positive cells is
increased in the E11.5 telencephalon, especially in the dorsal region
(Figs. 6A, B). We examined the expression of midline TF genes in the
Gli3−/− mutants. While the morphology of the telencephalon of Gli3−/−
and wild-type embryos is dramatically different, making simplecomparisons difﬁcult, the number of midline TF gene-positive cells
in the dorsal telencephalon is increased in the Gli3−/− mutants (Figs. 6
C–H). Both theMest/Peg1 domain and Erm domain also expand (Figs. 6
I–L), suggesting that a surplus FGF signaling cascade had been
activated.
We then introduced sFgfr3 into the dorsal telencephalon of Gli3−/−
mutants at E10.5 to determine whether the up-regulation of midline
TF genes in this mutant is caused by the increased FGF signaling
(Fig. 7). As shown in Figs. 7B–D, expression of Zic2 (3/5, n=5), Zic4
(5/7, n=7), and Lhx5 (5/8 n=8) was down-regulated on the EP side.
Previous studies have shown decreased numbers of apoptotic cells
in the telencephalic midline in Gli3−/− mutants (Aoto et al., 2002),
suggesting that expansion of the telencephalic midline in this mutants
may in part be attributable to abnormal cell survival. However, in view
Fig. 7. Blocking of FGF signaling causes down-regulation of midline TFs in Gli3−/−
telencephalon. pCAGGS–sFgfr3–iresEGFP vector (5 μg/μl) was introduced into the dorsal
telencephalon of Gli3−/− mutants at E10.5, and embryos were cultured for 1 day. GFP
signal (A). Zic2 (B). Lhx5 (C). Zic4 (D). Arrows point to the lateral end of the intense
signals of midline TF gene on each EP side and the control side. The intense signal of
each midline TF gene is truncated laterally on the EP side. Scale bar, 500 μm.
Fig. 8. Comparison between the pattern of expression of Lhx2 and Lhx5 by ISH analysis.
Wild-type (A, B). Shh−/− (C, D). Gli3−/− (E, F). Lhx2 is expressed throughout the cortex of the
wild-type, but not in the dorsal midline at E11.5 (A). In Shh−/− mutants Lhx2 is strongly
expressed throughout the telencephalon, and the Lhx2-negative region in the dorsal
midline is very narrow. (C). Conversely, the Lhx2-negative region is expanded in the Gli3−/−
mutants (E). Lhx5 is expressed complementarily to Lhx2 in the dorsal telencephalon in all
genotypes (B, D, F). The arrows in panels A and E indicate the medial end of the Lhx2
domain, and the arrows in panels B and F point to the lateral end of the Lhx5 domain. The
arrows in panels C and D indicate the center of the dorsal telencephalon in each section.
Scale bar, 500 μm in panels A, B, E, F, 100 μm in panels C, D.
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mutants may at least in part be caused by increased FGF signaling.
FGF8 signaling may control medial–lateral patterning
Next, we investigated whether FGF8 regulates medial–lateral
patterning in the telencephalon. Lhx2, a homeobox gene, is essential
for development of the lateral cortex, because Lhx2−/− mutants have a
reduced of lateral cortex and expanded expression of midline markers
(Bulchand et al., 2001; Monuki et al., 2001). We compared the
expression of Lhx5 and Lhx2 at E11.5 in wild-type, Shh−/−, and Gli3−/−
mice (Fig. 8). These genes exhibit a largely complementary pattern of
expression in the dorsal telencephalon in all three genotypes. In the
wild-type, Lhx2 is dominantly expressed in the dorsal telencephalon
in a graded manner, decreasing from medial to lateral, but not in the
cortical hem, where Lhx5 is expressed (Figs. 8A, B). In Shh−/− mutants,
Lhx2 is expressed throughout the telencephalon except for a very
narrow region in the dorsal midline, where Lhx5 is expressed (Figs. 8C,
D). Conversely, the Lhx2-negative/Lhx5-positive region in the dorsal
midline is markedly expanded in Gli3−/− mutants (Figs. 8E, F).
Next, we investigated whether modiﬁcation of the level of FGF
signaling would rescue the Lhx2 expression pattern in the mutants.
When we introduced Fgf8 into the dorsal midline of Shh−/−
telencephalon at E9.5, FGF8 expanded Lhx2-negative/Lhx5-positive
region (6/6, n=6 Figs. 9D–F), and overexpression of FGF8 also down-
regulated Lhx2 expression in all regions in the wild-type (3/3, n=3
Figs. 9 A–C), suggesting that FGF exerts negative activity on the
expression of Lhx2. In Gli3−/− mutants, the expression of Lhx2-
negative/Lhx5-positive region was reduced by sFGFR3 introduced at
E10.5 (3/5, n=5, Figs. 9J–L). Although the effect of sFGFR3 on the
expression of Lhx2 and Lhx5 at E10.5 in the wild-type (n=5) was not
so signiﬁcant (n=5 Figs. 9G–I), taken together, these ﬁndings suggest
that FGF8 may have activity that regulates medial–lateral patterning.
Discussion
In this study, we analyzed the developmental role of FGF8 in the
telencephalon by conducting GOF and LOF experiments. Such
experiments should be performed within time window when tissue
has competence to alter regional identities in the telencephalon.
Indeed, the effects of both GOF and LOF were hardly observed in some
aspects after E11.5 (see Fig. S6). To introduce exogenous genes into thetelencephalon at an early developmental stage, we used a system that
combined ex vivo EP with whole embryo culture. This combined
system serves as a powerful tool for the investigation of gene
functions in the early stage of development in vivo.
Activity of FGFs in the telencephalic midline
We identiﬁed novel activity of FGF8/18 in the telencephalic
midline; especially, FGF8 exerts intense activity on the expression of
midline TF genes that include putative key factor genes in midline
development. The absence or insufﬁcient effect of FGF17 and FGF18
may be due to their relatively low binding afﬁnity for FGF receptors
(Olsen et al., 2006). The pattern of expression of Fgf8 and midline TF
genes in the wild-type mouse embryos implies that midline TF genes
are downstream targets of FGF8. The increased FGF8 activity observed
in the GOF experiment up-regulated the expression of midline TF
genes, while blockade of FGF signaling in the LOF experiment down-
regulated it. These results indicate that signaling by endogenous FGF8
acts as a positive upstream regulator of midline TFs during normal
development (Fig. 10). In addition, FGF8 was found to have negative
activity on the expression of a key factor gene of dorsolateral
development, Lhx2, suggesting that FGF8 may be a factor that
regulates the medial–lateral patterning in the dorsal telencephalon
(Fig. 10). While the underexpression of midline TF genes was observed
in the Shhmutants, misexpressed SHH up-regulated only some of the
midline TF genes. Thus, the effects of SHH signaling on the
development of telencephalic midline may be at least partly mediated
by FGF8. (Fig. 10).
Possible functions of FGF8 in midline development
Zic2 is known to be a causative gene of human HPE (Brown et al.,
1998), and Zic2 knock down mutant mice display HPE (Nagai et al.,
Fig. 9. The expression of Lhx2 is rescued by modifying the level of FGF signaling. (A–F) Overexpression of FGF8 represses the expression of Lhx2. pCAGGS–Fgf8–iresEGFP vector
(2.5 μg/μl) was introduced into the telencephalon of wild-type (A–C) and Shh−/− mutants (D–F) at E9.5. GFP signal (A, D). Expression of Lhx2 was reduced around the ectopic FGF8
domain (B, E), while expression of Lhx5 is up-regulated (C, F). (G–I) pCAGGS–sFgfr3–iresEGFP vector (5 μg/μl) introduced at E10.5 is hardly effective on the expression of Lhx2 and Lhx5
in the wild-type. GFP signal (G). Expression level of Lhx2 in the midline on the EP side is slightly higher than on the control side, but the difference is not signiﬁcant (H). Lhx5 is down-
regulated on the EP side in some embryos (I). (J–L) Inhibition of FGF signaling by sFGFR3 at E10.5 reduces Lhx2-negative region in Gli3−/− mutants. GFP signal (J). The expression of
Lhx2 is observedmoremedially on the EP side than on the control side (K), and Lhx5 is down-regulated on the EP side (L). The arrows in panels E and K indicate themedial end of Lhx2
expression, and the arrows in panels F and L indicate the lateral end of Lhx5 expression. Arrowheads in panels E, F, K and L point to the center of the dorsal telencephalon in mutants.
Scale bar, 100 μm in panels A–F, 500 μm in panels G–L.
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very small septumand the absence of the corpus callosum (Inoue et al.,
2007). These ﬁndings indicate that Zic genes are required for normal
midline development of the telencephalon.
Vax1 is highly expressed in the anterior midline, the same as other
midline TF genes, but it is also widely expressed in the posterior, Fgf8-Fig. 10. Proposed model of gene involvement in midline development of the telencephalon
midline development, and since FGF8 down-regulates the expression of Lhx2, FGF signalingm
that represses the expression of Gli3, but supportive observations in LOF experiments have
signaling, and it regulates the expression of the other midline TF genes by mediating FGF spoor ventral telencephalon. A previous study has shown that Vax1 is
induced by both FGF and SHH signaling in eye development (Take-
uchi et al., 2003), and we also demonstrated that both FGF and SHH
signaling induce the expression of Vax1 in the telencephalon. The
expression of Vax1 in Fgf8-poor regions may be induced by SHH in the
telencephalon. However, despite its broad expression in the ventral. FGF signaling up-regulates on the expression of midline TFs, which are essential for
ay regulate medial–lateral patterning in the dorsal telencephalon. FGF8 also has activity
not been examined. SHH signaling is capable of inducing Vax1 independently of FGF
ignaling.
100 T. Okada et al. / Developmental Biology 320 (2008) 92–101region, loss of Vax1 expression causes complete absence of ventral
midline structures, the septum and the preoptic area, in which Vax1 is
highly co-expressed with Fgf8, but no marked disruption of develop-
ment in other regions (Hallonet et al., 1999; Bertuzzi et al., 1999;
Taglialatela et al., 2004).
These ﬁndings indicate that high levels of expression of both Zic
genes and Vax1 are required for normal morphogenesis of the
telencephalon. Since our LOF experiment showed that endogenous
FGF signaling is required for the expression of these genes, we
hypothesized that loss of FGF8 signaling causes loss or reduced
expression of midline TF genes. The absence or low-level expression of
these genes may be insufﬁcient to complete the development of
midline structures and result in HPE.
Relationship between midline defects and FGF signal levels in
SHH-signaling-deﬁcient mutants
Abnormal SHH signaling has been found to cause disruption of
midline development in the telencephalon, and one of a possible
causes of the abnormal phenotypes may be an abnormal number of
cell deaths. Many more apoptotic cells have been demonstrated
throughout the prosencephalon of the Shh−/− mutants (Ohkubo et al.,
2002). The telencephalic midline region of Gli3 mutants and ShhN/+
mice instead contain only a small number of apoptotic cells and that
may result in expansion of the Fgf8 domain (Aoto et al., 2002; Huang
et al., 2007). The extent of the domains of both FGF8 and midline TFs
in these mice may depend on the number of cell deaths. FGF8 itself
could contribute to variation of the number of cell deaths in such
mutants, since FGF8 controls apoptosis in the telencephalic midline in
a dose-dependent manner (Storm et al., 2003). We also demonstrated
that FGF8, not SHH, dominantly up-regulates midline TF genes after
E9.5. This ﬁnding suggests that the midline disruptions in SHH
signaling-deﬁcient mice are in part caused by abnormal FGF signaling.
We hypothesize that variations in both the number of cell deaths and
level of FGF signaling synergistically affect the expression of midline
TFs and result in marked disruption of midline development in such
mice.
Downstream of FGF signaling
The expression pattern of Lhx5 is a similar to that of Zic genes. Loss
of Lhx5 causes morphological changes in the hippocampus (Zhao et
al., 1999), one of the midline-derived structures, but hypoplasia of the
septum has not been reported. We used Lhx5 as an example of a
midline gene that is up-regulated by FGF8 in the telencephalic
midline. We also found that Lhx2 is a putative target that is down-
regulated by FGF8. Expression of region-speciﬁc code of TFs must be
required for normal development of midline structures, the same as in
other regions. Thus, identiﬁcation of more targets of FGF signaling
may lead us to further understanding of the role of FGF8 functions in
telencephalic patterning.
Although previous studies have reported that FGF signaling is
required for the expression of Nkx2.1 in mouse embryos (Storm et al.,
2006; Tole et al., 2006), ectopic FGF8 did not rescue the expression of
Nkx2.1 in Shh−/− mutants after E9.5. As reported in regard to the
chick telencephalon, FGF signaling may be required only to main-
tain the expression of Nkx2.1 by counteracting another regional
signal(s) (Marklund et al., 2004). Further investigation is needed to
clarify the relationship between FGF signaling and the expression of
Nkx2.1.
Acknowledgments
We thank Dr J. Miyazaki for kindly providing pCAGGS vector. We
also thank Dr J. Aruga and Dr T. Inoue for valuable discussion and Dr H.
Okamoto for critical reading of the manuscript.Appendix A. Supplementary data
Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.ydbio.2008.04.034.
References
Aoto, K., Nishimura, T., Eto, K., Motoyama, J., 2002. Mouse GLI3 regulates Fgf8 expression
and apoptosis in the developing neural tube, face, and limb bud. Dev. Biol. 251,
320–332.
Bertuzzi, S., Hindges, R., Mui, S.H., O'Leary, D.D., Lemke, G., 1999. The homeodomain
protein Vax1 is required for axon guidance and major tract formation in the
developing forebrain. Genes Dev. 13, 3092–3105.
Brown, S.A., Warburton, D., Brown, L.Y., Yu, C.Y., Roeder, E.R., Stengel-Rutkowski, S.,
Hennekam, R.C., Muenke, M., 1998. Holoprosencephaly due to mutations in ZIC2, a
homologue of Drosophila odd-paired. Nat. Genet. 20, 180–183.
Bulchand, S., Grove, E.A., Porter, F.D., Tole, S., 2001. LIM-homeodomain gene Lhx2
regulates the formation of the cortical hem. Mech. Dev. 100, 165–175.
Chiang, C., Litingtung, Y., Lee, E., Young, K.E., Corden, J.L., Westphal, H., Beachy, P.A.,1996.
Cyclopia and defective axial patterning in mice lacking Sonic hedgehog gene
function. Nature 383, 407–413.
Cholﬁn, J.A., Rubenstein, J.L., 2007. Patterning of frontal cortex subdivisions by Fgf17.
Proc. Natl. Acad. Sci. U. S. A. 104, 7652–7657.
Crossley, P.H., Martin, G.R., 1995. The mouse Fgf8 gene encodes a family of polypeptides
and is expressed in regions that direct outgrowth and patterning in the developing
embryo. Development 121, 439–451.
Crossley, P.H., Martinez, S., Ohkubo, Y., Rubenstein, J.L., 2001. Coordinate expression of
Fgf8, Otx2, Bmp4, and Shh in the rostral prosencephalon during development of the
telencephalic and optic vesicles. Neuroscience 108, 183–206.
Firnberg, N., Neubuser, A., 2002. FGF signaling regulates expression of Tbx2, Erm, Pea3,
and Pax3 in the early nasal region. Dev. Biol. 247, 237–250.
Fukuchi-Shimogori, T., Grove, E.A., 2001. Neocortex patterning by the secreted signaling
molecule FGF8. Science 294, 1071–1074.
Fukuchi-Shimogori, T., Grove, E.A., 2003. Emx2 patterns the neocortex by regulating FGF
positional signaling. Nat. Neurosci,. 6, 825–831.
Garel, S., Huffman, K.J., Rubenstein, J.L., 2003. Molecular regionalization of the neo-
cortex is disrupted in Fgf8 hypomorphic mutants. Development 130, 1903–1914.
Gunhaga, L., Jessell, T.M., Edlund, T., 2000. Sonic hedgehog signaling at gastrula stages
speciﬁes ventral telencephalic cells in the chick embryo. Development 127,
3283–3293.
Gutin, G., Fernandes, M., Palazzolo, L., Paek, H., Yu, K., Ornitz, D.M., McConnell, S.K.,
Hebert, J.M., 2006. FGF signalling generates ventral telencephalic cells indepen-
dently of SHH. Development 133, 2937–2946.
Hallonet, M., Hollemann, T., Pieler, T., Gruss, P., 1999. Vax1, a novel homeobox-
containing gene, directs development of the basal forebrain and visual system.
Genes Dev. 13, 3106–3114.
Huang, X., Litingtung, Y., Chiang, C., 2007. Ectopic sonic hedgehog signaling impairs
telencephalic dorsal midline development: implication for human holoprosence-
phaly. Hum. Mol. Genet. 16, 1454–1468.
Huffman, K.J., Garel, S., Rubenstein, J.L., 2004. Fgf8 regulates the development of intra-
neocortical projections. J. Neurosci. 24, 8917–8923.
Inoue, T., Ota, M., Ogawa, M., Mikoshiba, K., Aruga, J., 2007. Zic1 and Zic3 regulatemedial
forebrain development through expansion of neuronal progenitors. J. Neurosci. 27,
5461–5473.
Kohtz, J.D., Baker, D.P., Corte, G., Fishell, G., 1998. Regionalizationwithin the mammalian
telencephalon is mediated by changes in responsiveness to Sonic Hedgehog.
Development 125, 5079–5089.
Kuschel, S., Ruther, U., Theil, T., 2003. A disrupted balance between Bmp/Wnt and Fgf
signaling underlies the ventralization of the Gli3 mutant telencephalon. Dev. Biol.
260, 484–495.
Li, Y., Zhang, H., Litingtung, Y., Chiang, C., 2006. Cholesterol modiﬁcation restricts the
spread of Shh gradient in the limb bud. Proc. Natl. Acad. Sci. U. S. A. 103, 6548–6553.
Litingtung, Y., Chiang, C., 2000. Speciﬁcation of ventral neuron types is mediated by an
antagonistic interaction between Shh and Gli3. Nat. Neurosci. 3, 979–985.
Lupo, G., Harris, W.A., Lewis, K.E., 2006. Mechanisms of ventral patterning in the
vertebrate nervous system. Nat. Rev. Neurosci. 7, 103–114.
Marklund, M., Sjodal, M., Beehler, B.C., Jessell, T.M., Edlund, T., Gunhaga, L., 2004.
Retinoic acid signalling speciﬁes intermediate character in the developing
telencephalon. Development 131, 4323–4332.
Maruoka, Y., Ohbayashi, N., Hoshikawa, M., Itoh, N., Hogan, B.L., Furuta, Y., 1998.
Comparison of the expression of three highly related genes, Fgf8, Fgf17 and Fgf18, in
the mouse embryo. Mech. Dev. 74, 175–177.
Maynard, T.M., Jain, M.D., Balmer, C.W., LaMantia, A.S., 2002. High-resolution mapping
of the Gli3 mutation extra-toes reveals a 51.5-kb deletion. Mamm. Genome 13,
58–61.
Mo, R., Freer, A.M., Zinyk, D.L., Crackower, M.A., Michaud, J., Heng, H.H., Chik, K.W., Shi,
X.M., Tsui, L.C., Cheng, S.H., Joyner, A.L., Hui, C., 1997. Speciﬁc and redundant
functions of Gli2 and Gli3 zinc ﬁnger genes in skeletal patterning and development.
Development 124, 113–123.
Monuki, E.S., Porter, F.D., Walsh, C.A., 2001. Patterning of the dorsal telencephalon and
cerebral cortex by a roof plate-Lhx2 pathway. Neuron 32, 591–604.
Nagai, T., Aruga, J., Takada, S., Gunther, T., Sporle, R., Schughart, K., Mikoshiba, K., 1997.
The expression of the mouse Zic1, Zic2, and Zic3 gene suggests an essential role for
Zic genes in body pattern formation. Dev. Biol. 182, 299–313.
101T. Okada et al. / Developmental Biology 320 (2008) 92–101Nagai, T., Aruga, J., Minowa, O., Sugimoto, T., Ohno, Y., Noda, T., Mikoshiba, K., 2000. Zic2
regulates the kinetics of neurulation. Proc. Natl. Acad. Sci. U. S. A. 97, 1618–1623.
Niwa, H., Yamamura, K., Miyazaki, J., 1991. Efﬁcient selection for high-expression
transfectants with a novel eukaryotic vector. Gene 108, 193–200.
O'Leary, D.D., Nakagawa, Y., 2002. Patterning centers, regulatory genes and extrinsic
mechanisms controlling arealization of theneocortex. Curr. Opin. Neurobiol.12,14–25.
Olsen, S.K., Li, J.Y., Bromleigh, C., Eliseenkova, A.V., Ibrahimi, O.A., Lao, Z., Zhang, F.,
Linhardt, R.J., Joyner, A.L., Mohammadi, M., 2006. Structural basis by which
alternative splicing modulates the organizer activity of FGF8 in the brain. Genes
Dev. 20, 185–198.
Ohkubo, Y., Chiang, C., Rubenstein, J.L., 2002. Coordinate regulation and synergistic
actions of BMP4, SHH and FGF8 in the rostral prosencephalon regulate
morphogenesis of the telencephalic and optic vesicles. Neuroscience 111, 1–17.
Osumi, N., Inoue, T., 2001. Gene transfer into cultured mammalian embryos by
electroporation. Methods 24, 35–42.
Pabst, O., Herbrand, H., Takuma, N., Arnold, H.H., 2000. NKX2 gene expression in
neuroectoderm but not in mesendodermally derived structures depends on sonic
hedgehog in mouse embryos. Dev. Genes Evol. 210, 47–50.
Rallu, M., Machold, R., Gaiano, N., Corbin, J.G., McMahon, A.P., Fishell, G., 2002.
Dorsoventral patterning is established in the telencephalon of mutants lacking both
Gli3 and Hedgehog signaling. Development 129, 4963–4974.
Sansom, S.N., Hebert, J.M., Thammongkol, U., Smith, J., Nisbet, G., Surani, M.A.,
McConnell, S.K., Livesey, F.J., 2005. Genomic characterisation of a Fgf-regulated
gradient-based neocortical protomap. Development 132, 3947–3961.
Shanmugalingam, S., Houart, C., Picker, A., Reifers, F., Macdonald, R., Barth, A., Grifﬁn, K.,
Brand, M., Wilson, S.W., 2000. Ace/Fgf8 is required for forebrain commissure
formation and patterning of the telencephalon. Development 127, 2549–2561.
Smith, K.M., Ohkubo, Y., Maragnoli, M.E., Rasin, M.R., Schwartz, M.L., Sestan, N.,
Vaccarino, F.M., 2006. Midline radial glia translocation and corpus callosum
formation require FGF signaling. Nat. Neurosci. 9, 787–797.St-Jacques, B., Dassule, H.R., Karavanova, I., Botchkarev, V.A., Li, J., Danielian, P.S.,
McMahon, J.A., Lewis, P.M., Paus, R., McMahon, A.P., 1998. Sonic hedgehog signaling
is essential for hair development. Curr. Biol. 8, 1058–1068.
Storm, E.E., Rubenstein, J.L., Martin, G.R., 2003. Dosage of Fgf8 determines whether cell
survival is positively or negatively regulated in the developing forebrain. Proc. Natl.
Acad. Sci. U. S. A. 100, 1757–1762.
Storm, E.E., Garel, S., Borello, U., Hebert, J.M., Martinez, S., McConnell, S.K., Martin, G.R.,
Rubenstein, J.L., 2006. Dose-dependent functions of Fgf8 in regulating telencephalic
patterning centers. Development 133, 1831–1844.
Sussel, L., Marin, O., Kimura, S., Rubenstein, J.L., 1999. Loss of Nkx2.1 homeobox gene
function results in a ventral to dorsal molecular respeciﬁcation within the basal
telencephalon: evidence for a transformation of the pallidum into the striatum.
Development 126, 3359–3370.
Tabata, H., Nakajima, K., 2001. Efﬁcient in utero gene transfer system to the developing
mouse brain using electroporation: visualization of neuronal migration in the
developing cortex. Neuroscience 103, 865–872.
Taglialatela, P., Soria, J.M., Caironi, V., Moiana, A., Bertuzzi, S., 2004. Compromised
generation of GABAergic interneurons in the brains of Vax1−/−mice. Development
131, 4239–4429.
Take-uchi, M., Clarke, J.D., Wilson, S.W., 2003. Hedgehog signalling maintains the optic
stalk-retinal interface through the regulation of Vax gene activity. Development
130, 955–968.
Tole, S., Gutin, G., Bhatnagar, L., Remedios, R., Hebert, J.M., 2006. Development of
midline cell types and commissural axon tracts requires Fgfr1 in the cerebrum. Dev.
Biol. 289, 141–151.
Walshe, J., Mason, I., 2003. Unique and combinatorial functions of Fgf3 and Fgf8 during
zebraﬁsh forebrain development. Development 130, 4337–4349.
Zhao, Y., Sheng, H.Z., Amini, R., Grinberg, A., Lee, E., Huang, S., Taira, M., Westphal, H.,
1999. Control of hippocampal morphogenesis and neuronal differentiation by the
LIM homeobox gene Lhx5. Science 284, 1155–1158.
